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Algal triacylglycerol biosynthesis is of increasing interest for potential biodiesel production. A
model microalga, Chlamydomonas, has multiple isoforms of diacylglycerol acyltransferase type 2
(DGTT) catalyzing the ﬁnal step of triacylglycerol biosynthesis; however, the functions of the iso-
forms are poorly understood. Here, we performed heterologous complementation assay of Chla-
mydomonas DGTT1 to 4 in a yeast mutant defective in triacylglycerol biosynthesis. DGTT1, 2 and 3
but not 4 complemented the phenotype, including triacylglycerol levels. Interestingly, complemen-
tation by DGTT2 increased triacylglycerol content by 9-fold.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Biofuel production is in high demand because of the increased
price of limited fossil fuels. Eukaryotic algae have been considered
a feasible bioresource because of their high lipid biosynthetic
capacity and little conﬂict with biomass from terrestrial plants.
Triacylglycerol (TAG) represents a major source of biodiesel
production.
A eukaryotic microalga, Chlamydomonas reinhardtii, is a power-
ful model organism for studying algal biodiesel production because
of the available whole-genome sequence and possible gene manip-
ulation. Under stress conditions such as nitrogen starvation, Chla-
mydomonas nearly stops its growth and accumulates a large
amount of TAG. From studies of advanced model organisms Arabid-
opsis thaliana and Saccharomyces cerevisiae, Chlamydomonas TAG is
assumed to be produced by multiple types of acyltransferases.Diacylglycerol acyltransferase (DGAT) transfers an acyl moiety
from acyl-CoA to sn-1,2 diacylglycerol (DAG), thus contributing
to neosynthesis of TAG. DGAT is of 4 types. Type 1 was found in
mouse [1] and is involved in TAG biosynthesis in different organ-
isms, including Arabidopsis [2]. Type 2 was found ﬁrst in a fungus,
Mortieriella ramanniana, and has low amino acid similarity with
type 1 [3]. These 2 types were postulated to have distinct roles ow-
ing to their expression in different tissues and subcellular localiza-
tion [4–9]. A knock-out mouse deﬁcient in DGAT type 2 featured
reduced TAG accumulation and premature death, which reveals
the importance of DGAT type 2 in TAG biosynthesis and viability
[10]. An emerging DGAT type 3 shown in Arabidopsis and peanut
encodes a soluble cytosolic enzyme that contributes to TAG bio-
synthesis [11–13]. Furthermore, plastoglobule proteome study
suggested a fourth type of DGAT in Arabidopsis [14]. Another type
of acyltransferase is a phospholipid:diacylglycerol acyltransferase
(PDAT), which transfers the acyl moiety of the sn-2 position of
phospholipid to DAG, thereby producing TAG in an acyl-CoA-inde-
pendent manner. This type of enzyme was ﬁrst isolated in Arabid-
opsis [15] and shares in the contribution of DGAT1 to TAG
biosynthesis [16].
Algae are unique in having multiple type 2 DGATs [17]. The gen-
ome sequence revealed that Chlamydomonas has one type 1 DGAT
(DGAT1), 5 type 2 DGATs (DGTT1–5 or DGAT2A–E) (Table 1) and
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other species except in Chlamydomonas. PDAT1 associates with oil
bodies [18] and its silencing alters lipid composition [19, 20]. Inter-
estingly, PDAT1 possesses broad substrate speciﬁcity to phospho-
lipids, galactolipids, TAG and cholesteryl esters [20]. In contrast,
relatively less functional information is available on DGAT. RNA
sequencing analysis and quantitative RT-PCR revealed that the
expression of DGAT1 and DGTT1 was induced by nitrogen starva-
tion [19]. On semi-quantitative RT-PCR, transcripts of DGTT3 and
4 were similarly increased by nitrogen starvation, whereas DGTT2
was constitutively expressed [21]. Moreover, heterologous expres-
sion of DGTT1 with optimized codon usage rescued oleic acid sen-
sitivity and TAG accumulation in a yeast mutant deﬁcient in
acyltransferases [19]. However, whether these different DGATs en-
code an active enzyme that contributes to TAG biosynthesis re-
mains unknown. In particular, Chlamydomonas has 5 isoforms of
DGAT type 2 (or DGTT) but only one isoform of DGAT type 1 [22].
The present study therefore aimed to study the DGAT type 2
family for its differential role in TAG biosynthesis. We ﬁrst ana-
lyzed the amino acid sequences of the family members and cloned
them for heterologous expression in the yeast Ddga1Dlro1 mutant
lacking both DGAT and PDAT activity [23]. Interestingly, the results
of oleic acid sensitivity assay, lipid droplet observation and lipid
proﬁling showed that DGTT1, 2 and 3 were functional, but DGTT4
failed to complement these phenotypes. Moreover, the comple-
mentation was distinct, with DGTT2 conferring a 9-fold increase
in total TAG content as compared with the wild type. These results
suggest differential roles of DGTT isoforms in TAG biosynthesis.
2. Materials and methods
2.1. Yeast strains and culture conditions
The S. cerevisiae wild-type strain BY4742 (MATa his3D1 leu2D0
lys2D0 ura3D0) and CWY3626 (dga1D::KAN lro1D::HIS BY4742)
[24] were kindly provided by Chao-Wen Wang (Institute of Plant
and Microbial Biology, Academia Sinica, Taipei, Taiwan). The
strains produced in this work are described in Supplemental Ta-
ble 2. Cells were grown in YPD media (2% peptone, 1% yeast extrac-
tion and 2% glucose). Cells harboring the URA3 marker plasmid
were grown in synthetic minimal medium (2% peptone, 0.7% yeast
nitrogen base without uracil and 2% glucose).
2.2. Cloning of yeast expression vector
Theyeast expressionvector pCH078was createdby replacing the
GAL promoter of pYES2/NTA (Invitrogen, Carlsbad, CA) with a GPD
promoter derived from p426GPD [25]. First, AscI andNotI restriction
sites were created in the multi-cloning site of p426GPD by amplify-
ing the 84-bp multi-cloning-site fragment with 2 forward primers,
CH221 and CH241, and a reverse primer, CH222. The obtained
fragment was digested with HindIII and SmaI and inserted into the
corresponding site of p426GPD. Next, the 1011-bp GPD promoter-
containing fragment was cut out with use of KpnI and SacI. The
5020-bp fragment of pYES2/NTA was ampliﬁed with primers
CH251 and CH252 that produces KpnI and SacI restriction sites,
respectively, and the GPD promoter-containing fragment was
ligated to construct pCH078. The primers are in Supplemental
Table 1.
2.3. Cloning of different acyltransferase expression vectors
The open reading frame of each acyltransferase listed in Table 1
was ampliﬁed from cDNA, cloned into pENTR/D-TOPO(Invitrogen,
Carlsbad, CA) and inserted into pCH078. Speciﬁc conditions were
as follows.ScDGA1 (YOR245c): A 1261-bp fragment was ampliﬁed with the
primers CH237 and CH238 and inserted into AscI/NotI sites of
pCH078 to construct pCH086.
CrDGTT1 (Cre12.g557750): A 1000-bp fragment was ampliﬁed
with the primers CH213 and CH214 and cloned into pENTR/D-
TOPO. Then, the ORF was ampliﬁed with the primers CH245 and
CH246 and inserted into EcoRI and BglII sites of pCH078 to con-
struct pCH087.
CrDGTT2 (Cre02.g121200): A 979-bp fragment was ampliﬁed
with the primers CH192 and CH193 and inserted into AscI/NotI
sites of pCH078 to construct pCH091.
CrDGTT3 (Cre06.g299050): A 1045-bp fragment was ampliﬁed
with the primers CH194 and CH195 and inserted into AscI/NotI
sites of pCH078 to construct pCH088.
CrDGTT4 (Cre03.g205050): A 988-bp fragment was ampliﬁed
with the primers CH196 and CH197 and cloned into pENTR/D-
TOPO. Then, the ORF was ampliﬁed with the primers CH243 and
CH244 and inserted into EcoRI and BglII sites of pCH078 to con-
struct pCH089.
HA-DGTT2 (CrDGTT2 with N-terminal HA tag): A 1028-bp frag-
ment was ampliﬁed with the primers CH357 and CH300, with
pCH091 as a template, and inserted into EcoRI and BglII sites of
pCH078 to construct pCH098.
HA-DGTT3 (CrDGTT3 with N-terminal HA tag): A 1094-bp frag-
ment was ampliﬁed with the primers CH492 and CH493, with
pCH088 as a template, and inserted into EcoRI and BglII sites of
pCH078 to construct pCH116.
HA-DGTT4 (CrDGTT4 with N-terminal HA tag): A 1037-bp frag-
ment was ampliﬁed with the primers CH347 and CH244, with
pCH089 as a template, and inserted into EcoRI and BglII sites of
pCH078 to construct pCH105.
The primer sequences and plasmids are in Supplemental Tables
1 and 3, respectively.
2.4. Nile Red staining and microscopy observation
Nile Red staining was used to visualize the intracellular lipid
bodies as described [26]. Brieﬂy, aliquots (200 ll) of yeast cultures
were grown for 48 h, harvested and stained with 2 ll of Nile Red
(0.5 mg ml1 in dimethylsulfoxide) by incubation at room temper-
ature for 5 min [27]. Images were immediately observed and cap-
tured by use of the DeltaVision system (Applied Precision) with a
100 objective lens (NA = 1.4) and a CoolSNAPTM HQ CCD camera
(photomotrics) controlled by SoftWorx Suite (Applied Precision).
2.5. RNA extraction and cDNA synthesis
Total RNA of yeast strain BY4742 grown in YPD media or Chla-
mydomonas strain CC-503 (cw92 mt+) grown in TAP media was
extracted by use of TRI reagent (Ambion) including DNase treat-
ment and reverse-transcribed with SuperScript III (Invitrogen,
Carlsbad, CA) for cDNA synthesis according to the manufacturers’
instructions.
2.6. Lipid extraction and fatty acid analysis
Yeast cells were grown to stationary phase in YPD medium at
30 C and harvested by centrifugation (1811g for 5 min). Cell pel-
lets were treated with pre-heated isopropanol containing 0.01%
butylated hydroxytoulene at 75 C for 15 min to inactivate phos-
pholipase activity. Total lipids were extracted as described [28].
Neutral lipids were separated from total lipid extracts by one-
dimensional thin-layer chromatography (TLC) (Silica Gel 60 F254
plate, Merck) with the solvent system of hexane:diethyl ether:gla-
cial acetic acid (40:10:1, v/v/v). TAGs were observed on TLC plates
by primuline staining. Lipid analysis was conducted as described
Table 1
Chlamydomonas type 2 DGAT family: gene accession, ORF length and protein
molecular mass.
Gene name Gene IDa ORF
length
(bp)
GenBank
accession
No.
Molecular
mass (kDa)
DGTT1 (DGAT2B) Cre12.g557750 996 KC788199 36.2
DGTT2 (DGAT2E) Cre02.g121200 975 KC788200 36.7
DGTT3 (DGAT2D) Cre06.g299050 1,041 KC788201 39.2
DGTT4 (DGAT2A) Cre03.g205050 984 KC788202 35.7
a Given by Phytozome (www.phytozome.net).
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gas chromatography (GC-2010; Shimadzu, Kyoto, Japan).
2.7. Quantitative RT-PCR
Quantitative RT-PCR involved use of the ABI 7500 Real Time PCR
System (Applied Biosystems) with the oligonucleotide primers as
follows; DGTT2 (CH539 and CH540), DGTT3 (CH541 and CH542),
DGTT4 (CH543 and CH544) and ACT1 (CH531 and CH532). Gene
expression levels were normalized by ACT1. Data were averaged
by 3 technical replicates in the same run and 2 biological replicates
in separate runs.Fig. 1. Multiple amino acid sequence alignment of expressed Chlamydomonas type 2 d
DGAT2 (AtDGAT2). Underlines indicate 7 conserved domains.2.8. Immunoblotting
Total protein was extracted from yeast cells as described [30],
except that protein precipitates were resuspended in 100 mM
Tris–HCl, [pH 11] containing 3% SDS and 3 mM DTT. Protein sam-
ples were separated by SDS–PAGE and transferred to a polyvinyli-
dene diﬂuoride membrane for immunoblotting with mouse
monoclonal anti-HA antibodies [HA-probe (F7): sc-7392, Santa
Cruz Biotechnology; dilution 1:1000], followed by goat anti-mouse
IgG peroxidase conjugates [A3682, Sigma; 1:5000]. HA-tagged pro-
teins were visualized by use of chemiluminescence detection re-
agents (Super Signal West Pico, Pierce) and Image Quant
LAS4000 (GE Healthcare).
3. Results
3.1. Analysis of amino acid sequences of the DGTT family
To analyze the amino acid sequences of DGTT family cloned in
this study (Table 1), we performed multiple sequence alignments
based on the Clustal W algorithm (Fig. 1). In agreement with pre-
vious reports [19, 21], we found no transcripts of DGTT5 in any of
the samples we examined. Therefore, we excluded DGTT5 in this
study. We show 7 conserved motifs suggested by previous studiesiacylglycerol acyltransferases (CrDGTT1, 2, 3 and 4) with reference to Arabidopsis
Fig. 2. Heterologous complementation of oleic acid sensitivity in the yeast
Ddga1Dlro1 mutant with Chlamydomonas DGTT1, 2, 3 or 4. Culture of the yeast
wild-type strain BY4742, Ddga1Dlro1mutant and Ddga1Dlro1mutant harboring an
empty vector (vector), yeast DGA1 (ScDGA1), and Chlamydomonas DGTT1
(CrDGTT1), DGTT2 (CrDGTT2), DGTT3 (CrDGTT3), and DGTT4 (CrDGTT4) involved
serial 10-fold dilution from left to right starting at OD600 of 0.1, 5 ll each spotted
onto YPD media with or without oleic acid (C18:1, 0.027% (w/v)) and incubation for
2 days at 30 C. Image shown is representative of 3 replicates.
Fig. 3. Microscopy observation of lipid bodies stained with Nile Red in the yeast
wild type, Ddga1Dlro1 mutant and Ddga1Dlro1 mutant harboring an empty vector,
yeast DGA1, and Chlamydomonas DGTT1, 2, 3 or 4. Experimental conditions are in
Section 2.4.
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are highly conserved among 35 species [32]. In the DGTT family,
the ﬁrst 2 residues are completely conserved, whereas the third
residues are Lys or His in DGTT2 or DGTT3, respectively. The
second region, named PH block, has a core PH motif. The unique
feature here is that only higher plants show Ser instead of Gly after
the conserved His [32]. In the DGTT family, only DGTT4 has Ser and
the others have Gly, which suggests that DGTT4 is a plant-type
DGAT2. The following PR block has a core PxxR motif, which is con-
served among the 54 species examined [31]. In the GGE block, the
ﬁrst x of the core GGxxE motif is Ala but in higher plants is Val [31,
32]. DGTT1 has Ala and DGTT4 has Val, which again suggests the
plant-like feature of DGTT4. Interestingly, DGTT2 and DGTT3 have
Ile instead of Ala or Val, a highly rare case of DGAT2 studied to date
[31]. The next RGFA block has the core RxGFxxxA, which is per-
fectly conserved in all DGTT isozymes. In the following VPFG block,
a distinct feature was found in the core motif VPxxxFG: Phe is
substituted by Tyr in DGTT1 and Pro is replaced by Cys in DGTT3.
These substitutions were not found previously among different
species [31]. Finally, the G block is conserved in the DGTT family.
Taken together, these analyses suggest distinct features of DGTT2
and DGTT3 in the conserved motif and the plant-like feature of
DGTT4.
3.2. Recovery of oleic acid sensitivity in Ddga1Dlro1 mutant
complemented by DGTT1, 2, 3 and 4
To testwhether DGTT1, 2, 3 and 4 encode functional protein, we
performed a heterologous complementation assay using the yeast
Ddga1Dlro1mutant that lacks the activity of TAG synthesis [23]. As
reported previously, the yeast mutant deﬁcient in TAG synthesis is
sensitive to oleic acid, which can be rescued by introducing DGAT
or PDAT activity [33]. We cloned the protein coding sequences of
DGTT1, 2, 3 and 4 as well as yeast DGA1 for type 2 DGAT as a con-
trol. Introducing DGA1 rescued the growth in the presence of oleic
acid, whereas the Ddga1Dlro1 mutant and the Ddga1Dlro1 mutant
with vector failed to show rescued growth (Fig. 2). Introducing
DGTT1, 2 and 3 but not DGTT4 rescued the sensitivity. The comple-
mentation of oleic acid sensitivity by DGTT1was in agreement with
the previous study [19]. Among DGTT1, 2 and 3, DGTT3 conferred a
slight reduction in growth rate in Ddga1Dlro1, so DGTT3 may only
partially complement the phenotype. This result suggests that
DGTT1, 2 and 3 but not DGTT4 encode functional proteins for TAG
biosynthesis in yeast.
3.3. Lipid droplet formation in Ddga1Dlro1 complemented by DGTT1,
2, 3 and 4
To examine whether the recovery of oleic acid sensitivity was
due to the accumulation of TAG, we stained yeast cells with Nile
Red, which is speciﬁc to neutral lipids. The signiﬁcant staining
found in wild-type cells was barely detectable in the mutant or
mutant transformed with empty vector (Fig. 3). In cells trans-
formed with DGTT1, 2 and 3 or DGA1, Nile Red staining revealed
a signiﬁcant accumulation of lipids, although no signal was found
in the cells transformed with DGTT4. The recovery of Nile Red
staining by transformation of DGTT1 agreed with the previous
study [19]. Therefore, expressing DGTT1, 2 and 3 but not DGTT4 re-
sults in accumulated lipid droplets. Of interest, cells harboring
DGTT2 showed highly intense staining as compared with cells har-
boring the other isoforms, which suggests that expression of
DGTT2 causes higher amount of lipid droplets than that of the
other DGTT isoforms.
AB
Fig. 4. Triacylglycerol (TAG) levels (A) and their fatty acid proﬁles (B) in the yeast
wild type, Ddga1Dlro1 mutant and Ddga1Dlro1 mutant harboring an empty vector,
yeast DGA1, and Chlamydomonas DGTT1, 2, 3 or 4. Data are mean ± S.D. from triple
biological replicates.
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Nile Red staining is not speciﬁc to TAG; hence, we examined
whether the accumulation of TAG was recovered in the Ddga1Dl-
ro1 mutant transformed with DGTT1, 2 and 3, that showed lipid
droplet accumulation as well as oleic acid sensitivity. Total lipid
was extracted from each yeast strain at their steady state growth,
and TAG contents were quantiﬁed by TLC and GC. The Ddga1Dlro1
mutant and the Ddga1Dlro1 mutant with vector transformation
showed trace amounts of TAG as compared with the wild type
(Fig. 4A). However, in the Ddga1Dlro1 mutant transformed with
DGTT1, DGTT3 or DGA1, the TAG level recovered to an extent similar
to or slightly more than that of the wild type, which suggests that
recovery of lipid droplet staining as well as oleic acid resistance
was due to the TAG accumulation. TAG level of the Ddga1Dlro1
mutant harboring DGTT4 still remained as low as that in Ddga1Dl-
ro1. Interestingly, the Ddga1Dlro1 mutant harboring DGTT2
showed 9-fold higher accumulation of TAG than the wild type
and the other strains. This ﬁnding suggests that the intense lipid-
droplet staining by Nile Red was due to the accumulation of TAG
and among the 3 functional DGTT isoforms of Chlamydomonas,
DGTT2 achieved the highest TAG accumulation in the Ddga1Dlro1
mutant.
3.5. Acyl proﬁles of TAG accumulated in the yeast mutants
To further study the property of DGTTs, we analyzed fatty acid
species of TAG in each yeast strain (Fig. 4B). TAG in the wild typecontains mainly mono-unsaturated fatty acids such as palmitoleic
acid (16:1) and oleic acid (18:1). However, in the Ddga1Dlro1 mu-
tant, the remaining low level of TAG has a distinct fatty acid proﬁle
with abundant palmitic acid (16:0). The fatty acid proﬁles of TAG
in the Ddga1Dlro1 mutant harboring DGTT4 and that harboring
the vector were indistinguishable from that of the Ddga1Dlro1mu-
tant. Heterologous expression of DGTT2 and 3 gave fatty acid pro-
ﬁles highly similar to that of the wild type. The expression of
DGTT1 slightly increased 16:1 at the expense of 16:0 and stearic
acid (18:0), which suggests that the acyl speciﬁcity of DGTT1 could
be slightly different from that of the other isoforms. Of note, the
acyl proﬁle of the Ddga1Dlro1 mutant expressing DGTT2 was sim-
ilar to that of the wild type, so highly accumulated TAG may have a
quality similar to that found in yeast cells because of the probable
broad acyl speciﬁcity of DGTT2.
3.6. Differential expression levels of DGTT2 and DGTT4
The Ddga1Dlro1 mutant harboring DGTT2 showed markedly
high TAG accumulation, whereas that harboring DGTT4 failed to
complement any phenotype tested. To examine transcript levels
of DGTT2 and DGTT4, we performed quantitative RT-PCR of the
mRNA levels in the Ddga1Dlro1 mutant harboring respective
DGTTs. In addition, we examined transcript level of DGTT3 in the
Ddga1Dlro1mutant harboring DGTT3 as a reference. The transcript
level was about 11-fold higher for DGTT2 than DGTT3 (Fig. 5A).
Notably, the level of DGTT4 was as high as that of DGTT3
(Fig. 5A). Furthermore, to study the protein levels of DGTT2 and
DGTT4, we constructed N-terminally HA-tagged DGTT2 and DGTT4
(hereafter HA-DGTT2 and HA-DGTT4, respectively), and trans-
formed them into the Ddga1Dlro1 mutant. In addition, HA-DGTT3
was introduced into the Ddga1Dlro1 mutant for comparison. In
agreement with the results in Fig. 2, the cells harboring HA-DGTT2
or HA-DGTT3 complemented the growth of the Ddga1Dlro1mutant
in the presence of oleic acid, whereas cells harboring HA-DGTT4 or
empty vector failed to show rescued growth of the Ddga1Dlro1
mutant (Fig. 5B). Therefore, the proteins with an HA tag still re-
mained functional.
Next, we performed immunoblotanalysis to examine the pro-
tein levels of HA-DGTT2, HA-DGTT3 and HA-DGTT4 in the
Ddga1Dlro1 mutant. While the protein level was more abundant
for HA-DGTT2 than HA-DGTT3, no HA-DGTT4 was detected even
though DGTT4 transcript was expressed (Fig. 5A and C). Our data
suggest that high TAG accumulation in the Ddga1Dlro1 mutant
harboring DGTT2 is due to high level of DGTT2 transcript and sub-
sequent protein level, whereas failure of DGTT4 to complement the
Ddga1Dlro1 mutant is due to the undetectable level of the DGTT4
protein despite signiﬁcant transcript level of DGTT4.
4. Discussion
Catalyzing the ﬁnal step of TAG biosynthesis, DGAT is one of the
most intensively studied enzymes in the entire acyl lipid metabo-
lism. This intense study is becoming more pronounced because of
the booming interest in algal TAG production for biofuel creation.
Molecular biological study in the model alga C. reinhardtii revealed
technical difﬁculties in transgenic line construction and even sim-
ple PCR-based cloning. Nevertheless, efforts have been devoted to
reveal the enzyme activity of PDAT1 and DGTT1 [19, 20]. Moreover,
a little decrease in TAG contents in pdat1 mutants suggested the
primary involvement of DGAT in TAG biosynthesis [19, 20]. As
compared with the reference organisms Arabidopsis thaliana and
Saccharomyces cerevisiae, Chlamydomonas has multiple isoforms
of DGAT type 2. Here, our study provides the ﬁrst comprehensive
evidence of differential properties in the DGTT family.
AB
C
Fig. 5. Differential expression of DGTT2 and DGTT4 in the yeast Ddga1Dlro1mutant.
(A) Quantitative RT-PCR analysis of mRNA levels of DGTT2, DGTT3 and DGTT4
normalized to that of endogenous yeast ACT1. (B) Heterologous complementation of
oleic acid sensitivity in the yeast Ddga1Dlro1 mutant complemented by N-
terminally HA-tagged DGTT2, DGTT3 and DGTT4, respectively, and (C) immunoblot
analysis of protein levels of by anti-HA antibody. Conditions of oleic acid sensitivity
test are described in the legend for Fig. 2. Data in A are mean ± S.D. of triplicate
analysis and images in B and C are representative of 3 independent experiments.
C.-H. Hung et al. / FEBS Letters 587 (2013) 2364–2370 2369Our heterologous complementation assay showed that DGTT1, 2
and 3 encode functional DGAT to accumulate TAG. However, DGTT4
failed to complement the mutant phenotype in TAG accumulation,
despite high homology with the other isoforms. Our result is in
good agreement with a recent paper in that DGTT4 failed to rescue
TAG accumulation in the yeast mutant deﬁcient in TAG biosynthe-
sis [34]. Our expression analysis demonstrated that the high mRNA
and protein expression of DGTT2 lead to the highest TAG accumu-
lation in the Ddga1Dlro1mutant (Fig. 5A and C). Because the same
promoter system was used in expressing different DGTTs in the
yeast mutant, the DGTT2 transcript may be more stable than the
other DGTTs in the yeast mutant. It is possible that DGTT2 is trans-
lated more efﬁciently, or that it has a longer half-life in yeast com-
pared to Chlamydomonas. Indeed, overexpression of DGTT2 in
Arabidopsis leaves caused high accumulation of TAG [34]. How-
ever, failure of DGTT4 to complement TAG accumulation in the
Ddga1Dlro1 mutant may be due to the undetectable protein level
of DGTT4 despite a transcript level similar to that of DGTT3
(Fig. 5A and C). Therefore, DGTT4 protein may be unstable or
untranslated in the yeast mutant. Arabidopsis type 2 DGAT, AtD-
GAT2, shares the highest amino acid sequence similarity with
DGTT4 among the DGTT isoforms. Indeed, AtDGAT2 failed to com-
plement the yeast Ddga1Dlro1 mutant [16]. Moreover, knockingout AtDGAT2 did not affect TAG biosynthesis, which leaves open
the role of DGAT2 [16]. A closer look at the amino acid sequence
alignment (Fig. 1) revealed that the S111 residue in the PH block
is conserved between AtDGAT2 and DGTT4 but not to the remain-
ing DGTTs having glycine. Indeed, in yeast, replacing HPHG with
EPHS, where this serine residue corresponds to S111, inactivated
ScDGAT2 [35]. However, our result suggests that DGTT4 failing to
accumulate TAG in yeast may be solely due to the absence of any
detectable DGTT4 proteins (Fig. 5). Whether AtDGAT2 has a dis-
tinct role or is simply an inactive isoform of DGAT is unknown.
At DGAT2 and DGTT4 may share a yet unknown function in respec-
tive organisms.
What is the possible functional difference among DGTT1, 2 and
3? Our results demonstrate that DGTT2 is the most robust isozyme
in TAG accumulation, which suggests its primary involvement in
TAG biosynthesis in vivo. DGTT3 complemented the yeast
Ddga1Dlro1 mutant only partially. Gene expression analyses
showed that DGTT1 and DGTT3 but not DGTT2 are inducible on
nitrogen starvation [19, 21]. DGTT1 and DGTT3 may be conditional
isozymes that contribute to the additional TAG biosynthesis under
nitrogen starvation. Under the normal condition, DGTT2 is likely
the major isozyme contributing to TAG biosynthesis.
Taken together, our ﬁndings reveal differential functional prop-
erties of the DGTT family of Chlamydomonas with a heterologous
system. Our next trial is to overexpress or suppress these isoforms
to further investigate their differential function in Chlamydomonas.Acknowledgements
The authors thank Neil Clarke (Genome Institute of Singapore)
for providing technical help in general Chlamydomonas experi-
mental setup, Chao-Wen Wang (Institute of Plant and Microbial
Biology, Academia Sinica) for kindly providing CWY3626, and
Mei-Jane Fang (Institute of Plant and Microbial Biology, Academia
Sinica) for microscopy observation. This research was supported by
the Japan Science and Technology Agency, PRESTO (Y.N), and a core
budget provided by IPMB, Academia Sinica (K.K and Y.N).Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2013.
06.002.
References
[1] Cases, S. et al. (1998) Identiﬁcation of a gene encoding an acyl
CoA:diacylglycerol acyltransferase, a key enzyme in triacylglycerol synthesis.
Proc. Natl. Acad. Sci. USA 95, 13018–13023.
[2] Routaboul, J.M., Benning, C., Bechtold, N., Caboche, M. and Lepiniec, L. (1999)
The TAG1 locus of Arabidopsis encodes for a diacylglycerol acyltransferase.
Plant Physiol. Biochem. 37, 831–840.
[3] Lardizabal, K.D., Mai, J.T., Wagner, N.W., Wyrick, A., Voelker, T. and Hawkins,
D.J. (2001) DGAT2 is a new diacylglycerol acyltransferase gene family:
puriﬁcation, cloning, and expression in insect cells of two polypeptides from
Mortierella ramanniana with diacylglycerol acyltransferase activity. J. Biol.
Chem. 276, 38862–38869.
[4] Stymne, S. and Stobart, A.K. (1987) Lipids: structure and function in: The
Biochemistry of plants (Stumpf, P.K. and Conn, E.E., Eds.), pp. 175–214,
Academic Press, New York.
[5] Lacey, D.J. and Hills, M.J. (1996) Heterogeneity of the endoplasmic reticulum
with respect to lipid synthesis in developing seeds of Brassica napus L. Planta
199, 545–551.
[6] Stobart, A.K., Stymne, S. and Höglund, S. (1986) Safﬂower microsomes catalyse
oil accumulation in vitro: a model system. Planta 169, 33–37.
[7] Shockey, J.M. et al. (2006) Tung tree DGAT1 and DGAT2 have nonredundant
functions in triacylglycerol biosynthesis and are localized to different
subdomains of the endoplasmic reticulum. Plant Cell 18, 2294–2313.
[8] Li, Y., Han, D., Hu, G., Sommerfeld, M. and Hu, Q. (2010) Inhibition of starch
synthesis results in overproduction of lipids in Chlamydomonas reinhardtii.
Biotechnol. Bioeng. 107, 258–268.
2370 C.-H. Hung et al. / FEBS Letters 587 (2013) 2364–2370[9] Banilas, G., Karampelias, M., Makariti, I., Kourti, A. and Hatzopoulos, P. (2011)
The olive DGAT2 gene is developmentally regulated and shares overlapping
but distinct expression patterns with DGAT1. J. Exp. Bot. 62, 521–532.
[10] Stone, S.J., Myers, H.M., Watkins, S.M., Brown, B.E., Feingold, K.R., Elias, P.M.
and Farese Jr., R.V. (2004) Lipopenia and skin barrier abnormalities in DGAT2-
deﬁcient mice. J. Biol. Chem. 279, 11767–11776.
[11] Saha, S., Enugutti, B., Rajakumari, S. and Rajasekharan, R. (2006) Cytosolic
triacylglycerol biosynthetic pathway in oilseeds. Molecular cloning and
expression of peanut cytosolic diacylglycerol acyltransferase. Plant Physiol.
141, 1533–1543.
[12] Peng, F.Y. and Weselake, R.J. (2011) Gene coexpression clusters and putative
regulatory elements underlying seed storage reserve accumulation in
Arabidopsis. BMC Genomics 12, 286.
[13] Hernandez, M.L. et al. (2012) A cytosolic acyltransferase contributes to
triacylglycerol synthesis in sucrose-rescued Arabidopsis seed oil catabolism
mutants. Plant Physiol. 160, 215–225.
[14] Lundquist, P.K., Poliakov, A., Bhuiyan, N.H., Zybailov, B., Sun, Q. and van Wijk,
K.J. (2012) The functional network of the Arabidopsis plastoglobule proteome
based on quantitative proteomics and genome-wide coexpression analysis.
Plant Physiol. 158, 1172–1192.
[15] Dahlqvist, A., Stahl, U., Lenman, M., Banas, A., Lee, M., Sandager, L., Ronne, H.
and Stymne, S. (2000) Phospholipid:diacylglycerol acyltransferase: an enzyme
that catalyzes the acyl-CoA-independent formation of triacylglycerol in yeast
and plants. Proc. Natl. Acad. Sci. USA 97, 6487–6492.
[16] Zhang, M., Fan, J., Taylor, D.C. and Ohlrogge, J.B. (2009) DGAT1 and PDAT1
acyltransferases have overlapping functions in Arabidopsis triacylglycerol
biosynthesis and are essential for normal pollen and seed development. Plant
Cell 21, 3885–3901.
[17] Chen, J.E. and Smith, A.G. (2012) A look at diacylglycerol acyltransferases
(DGATs) in algae. J. Biotechnol. 162, 28–39.
[18] Nguyen, H.M. et al. (2011) Proteomic proﬁling of oil bodies isolated from the
unicellular green microalga Chlamydomonas reinhardtii: with focus on proteins
involved in lipid metabolism. Proteomics 11, 4266–4273.
[19] Boyle, N.R. et al. (2012) Three acyltransferases and nitrogen-responsive
regulator are implicated in nitrogen starvation-induced triacylglycerol
accumulation in Chlamydomonas. J. Biol. Chem. 287, 15811–15825.
[20] Yoon, K., Han, D., Li, Y., Sommerfeld, M. and Hu, Q. (2012)
Phospholipid:diacylglycerol acyltransferase is a multifunctional enzyme
involved in membrane lipid turnover and degradation while synthesizing
triacylglycerol in the unicellular green microalga Chlamydomonas reinhardtii.
Plant Cell 24, 3708–3724.
[21] Msanne, J., Xu, D., Konda, A.R., Casas-Mollano, J.A., Awada, T., Cahoon, E.B. and
Cerutti, H. (2012) Metabolic and gene expression changes triggered by
nitrogen deprivation in the photoautotrophically grown microalgaeChlamydomonas reinhardtii and Coccomyxa sp. C-169. Phytochemistry 75,
50–59.
[22] Merchant, S.S., Kropat, J., Liu, B., Shaw, J. andWarakanont, J. (2012) TAG, you’re
it! Chlamydomonas as a reference organism for understanding algal
triacylglycerol accumulation. Curr. Opin. Biotechnol. 23, 352–363.
[23] Oelkers, P., Cromley, D., Padamsee, M., Billheimer, J.T. and Sturley, S.L. (2002)
The DGA1 gene determines a second triglyceride synthetic pathway in yeast. J.
Biol. Chem. 277, 8877–8881.
[24] Wang, C.W. and Lee, S.C. (2012) The ubiquitin-like (UBX)-domain-containing
protein Ubx2/Ubxd8 regulates lipid droplet homeostasis. J. Cell Sci. 125, 2930–
2939.
[25] Mumberg, D., Muller, R. and Funk, M. (1995) Yeast vectors for the controlled
expression of heterologous proteins in different genetic backgrounds. Gene
156, 119–122.
[26] Greenspan, P., Mayer, E.P. and Fowler, S.D. (1985) Nile red: a selective
ﬂuorescent stain for intracellular lipid droplets. J. Cell Biol. 100, 965–
973.
[27] Guiheneuf, F., Leu, S., Zarka, A., Khozin-Goldberg, I., Khalilov, I. and Boussiba, S.
(2011) Cloning and molecular characterization of a novel acyl-
CoA:diacylglycerol acyltransferase 1-like gene (PtDGAT1) from the diatom
Phaeodactylum tricornutum. FEBS J. 278, 3651–3666.
[28] Welti, R. et al. (2002) Proﬁling membrane lipids in plant stress responses. Role
of phospholipase D alpha in freezing-induced lipid changes in Arabidopsis. J.
Biol. Chem. 277, 31994–32002.
[29] Nakamura, Y., Arimitsu, H., Yamaryo, Y., Awai, K., Masuda, T., Shimada, H.,
Takamiya, K.-i. and Ohta, H. (2003) Digalactosyldiacylglycerol is a major
glycolipid in ﬂoral organs of Petunia hybrida. Lipids 38, 1107–1112.
[30] Kanehara, K., Xie, W. and Ng, D.T. (2010) Modularity of the Hrd1 ERAD
complex underlies its diverse client range. J. Cell Biol. 188, 707–716.
[31] Cao, H. (2011) Structure-function analysis of diacylglycerol acyltransferase
sequences from 70 organisms. BMC Res. Notes 4, 249.
[32] Liu, Q., Siloto, R.M., Lehner, R., Stone, S.J. and Weselake, R.J. (2012) Acyl-
CoA:diacylglycerol acyltransferase: molecular biology, biochemistry and
biotechnology. Prog. Lipid Res. 51, 350–377.
[33] Lockshon, D., Surface, L.E., Kerr, E.O., Kaeberlein, M. and Kennedy, B.K. (2007)
The sensitivity of yeast mutants to oleic acid implicates the peroxisome and
other processes in membrane function. Genetics 175, 77–91.
[34] Sanjaya et al. (2013) Altered lipid composition and enhanced nutritional value
of Arabidopsis leaves following introduction of an algal diacylglycerol
acyltransferase 2. Plant Cell 25, 677–693.
[35] Liu, Q., Siloto, R.M., Snyder, C.L. and Weselake, R.J. (2011) Functional and
topological analysis of yeast acyl-CoA:diacylglycerol acyltransferase 2, an
endoplasmic reticulum enzyme essential for triacylglycerol biosynthesis. J.
Biol. Chem. 286, 13115–13126.
